G protein-coupled receptors (GPCRs) have a key role in many biological processes and are important drug targets for many human diseases. Therefore, understanding the molecular interactions between GPCRs and their ligands would improve drug design. Here, we describe an approach that allows the rapid identification of functional agonists expressed in bacteria. Transgenic Caenorhabditis elegans expressing the human chemokine receptor 5 (CCR5) in nociceptive neurons show avoidance behavior on encounter with the ligand MIP-1␣ and avoid feeding on Escherichia coli expressing MIP-1␣ compared with control bacteria. This system allows a simple activity screen, based on the distribution of transgenic worms in a binary food-choice assay, without a requirement for protein purification or tagging. By using this approach, a library of 68 MIP-1␣ variants was screened, and 13 critical agonist residues involved in CCR5 activation were identified, four of which (T8, A9, N22, and A25) have not been described previously, to our knowledge. Identified residues were subsequently validated in receptor binding assays and by calcium flux assays in mammalian cells. This approach serves not only for structure/function studies as demonstrated, but may be used to facilitate the discovery of agonists within bacterial libraries.
G
PCRs constitute the largest family of mammalian cell surface proteins. They have central roles in physiological processes and represent major targets for current pharmaceutical therapies. GPCRs bind a diverse set of ligands including volatile odorants, hormones, and protein ligands such as chemokines and cytokines, which represent a major medically relevant class of GPCR ligands. Caenorhabditis elegans is a bacteria-feeding soil nematode whose strategies for detecting food sources and environmental compounds include using GPCRs expressed in gustatory neurons driving ''hard-wired'' repulsive or attractive responses. Thus, C. elegans provides a potential means of studying GPCR activation. We have previously shown that heterologous expression of GPCRs in this system permit changes in specificity of the avoidance response. Heterologous expression of Somatostatin Receptor 2 and CCR5 in the chemosensory nociceptive neurons ASH and ADL of C. elegans resulted in avoidance behavior when the transgenic worms were exposed to somatostatin and MIP-1␣, respectively (1).
The work described above used purified soluble compounds placed in the path of the worm to elicit an avoidance response. Because C. elegans feeds on bacteria including Escherichia coli, and because gustatory neurons have an important role in taste perception and food preference, we reasoned that expression of functional MIP-1␣ in bacteria (2) could drive an avoidance response in the transgenic animals, leading to reduced feeding on bacteria expressing the agonist. Here, we demonstrate that CCR5 transgenic C. elegans exhibit avoidance feeding behavior toward bacteria expressing functional MIP-1␣ compared with bacteria expressing an unrelated protein in a simple binary choice-feeding assay. We illustrate the usefulness of the approach by constructing and expressing a panel of MIP-1␣ variants in E. Coli and using the feeding assay to determine the contribution of individual amino acids to CCR5 activation.
These results were validated in mammalian cell-based assays and provide insight into the interaction of MIP-1␣ and other chemokines with CCR5. Therefore, this approach can be applied to mammalian GPCR whose functional ligand can be expressed in bacteria, serving as a powerful tool to survey GPCR-ligand interactions and provide a screen for novel agonists.
Results

CCR5 Transgenic Animals Avoid Feeding on MIP-1␣ Expressing Bacteria.
C. elegans has the ability to distinguish and select between different types of bacteria as food source (2) , suggesting that it could detect and respond to repellents expressed in bacteria. Adult transgenic animals expressing CCR5 in nociceptive neurons were tested in a binary food-choice assay (2) , by using bacterial colonies expressing either MIP-1␣ or a control protein in the same vector. MIP-1␣ is a member of the CC chemokine family and acts as an agonist for the CCR5 receptor. The potencies of different N-terminal variants have been reported. In this article, we use a variant with reduced aggregation properties due to a substitution of Asp-26 to alanine (3, 4) . This version, which also lacks the first alanine residue (with Ser as the first amino acid), has been shown to have compatible potency with full-length MIP-1␣ (5).
Protein expression from each construct was confirmed by Western blot analysis [supporting information (SI) Fig. S1 ]. The animals were tested in a binary choice-feeding configuration based on the distance between colonies and, therefore, ease of sampling of the bacterial colonies by the animals. In the ''easy'' arrangement, colonies expressing either single-chain Fv (scFv) or MIP-1␣ are directly adjacent to each other in a diamond configuration. The animals can sample the neighboring colony expressing a different protein without leaving the colony that it is currently grazing on. In the ''difficult'' arrangement, ScFv-and MIP-1␣-expressing colonies are opposite each other in the same configuration, requiring animals to venture outside one colony to sample another.
CCR5 transgenic animals favored feeding on control bacteria compared with bacteria expressing MIP-1␣ (Fig. 1) . This outcome is reflected as a biased distribution of the population of transgenic worms on different bacterial colonies. By using CCR5 transgenic animals (prefed with standard OP50 bacteria), we found that the number of animals feeding on each type of colony stabilized over 45 min. In the ''difficult'' colony arrangement, 63% of CCR5 transgenic animals fed on the bacterial colony expressing control protein (a recombinant scFv), compared with 33% on the colony expressing MIP-1␣ (Fig. 1 Right) . In the ''easy'' configuration, which was used for all subsequent studies, Ͼ70% of the transgenic animals preferred to feed on the scFv expressing colonies compared with 22%, which fed on MIP-1␣-expressing bacteria (Fig. 1 Left) . In both cases, wild-type animals distribute evenly between the two types of expression colonies with a greater number of free roaming wildtype animals compared with transgenic animals. The same trend was observed for transgenic worms prefed with BL21 bacteria, where approximately two-thirds of the population prefer the ScFv colonies to the MIP-1␣ bacteria (data not shown). Thus, transgenic animals expressing mammalian GPCRs can specifically detect and avoid ligand expressed within bacterial colonies, making this assay a potentially powerful system to identify bacterial clones expressing agonist.
Determining Function of Human MIP-1␣ Variants by Using The Feeding-
Choice Assay. The utility of this system was illustrated by identifying key residues involved in the interaction of MIP-1␣ with CCR5. MIP-1␣ is a member of the CC chemokine family, which share a conserved monomeric fold, consisting of the N terminus; a disorganized floppy N-loop, followed by three antiparallel ␤-strands arranged in a Greek key motif, separated by short loops (including the 40s loop) and C-terminal ␣ helix (6) . As with all CCs, the first two cysteines of MIP-1␣ are contiguous, separating the N-terminal domain from the N-loop. The N-loop is followed by the 3 10 turn that includes residues 20-24, which in turn precedes the first ␤-strand.
A panel of 68 single amino acid substituted variants of MIP-1␣ were generated by oligonucleotide site-directed mutagenesis and confirmed by sequencing. MIP-1␣ variant proteins were generated where amino acid residues were individually replaced by alanine. Alanine substitutions remove interactions beyond the ␤-carbon and reveal the contribution to binding made by the removed side chain (7, 8) with minimal disruption of protein structure. In positions where alanine residues are present, they were mutated to a hydrophilic-residue glutamine. Also, hydrophilic residues previously implicated in binding/activation in MIP-1␣ such as Arg-17, Gln-18, and Asn-22 were mutated to negatively-charged glutamic acid (hereafter represented as R17E, Q18E, and N22E). The four cysteine residues were unmodified to retain structural integrity. Expression after mutagenesis was confirmed by Western blot analysis ( Fig. S1 ) and clones such as the P53A variant, which showed a marked reduction in expression, were removed from further analysis.
Each MIP-1␣ mutant was tested in the feeding assay, where transgenic animals were given a choice between colonies expressing either the MIP-1␣ mutant or control ScFv protein, and a ''feeding avoidance index'' calculated. This is calculated as the number of worms grazing on the ScFv colony minus the number of worms feeding on MIP-1␣ colony, divided by the total number of worms. These measurements identified 18 aa variants where avoidance was compromised to different extents (Fig. 2) , corresponding to three regions of the peptide (the N terminus; the N-loop, including the 3 10 turn; and the 40s loop). Our results implied that mutations were tolerated at most positions with 50/68 mutations showing no significant effect. We identified four previously undescribed residues (T8, A9, N22, and A25) that contribute to the interaction between the heterologously expressed CCR5 and MIP-1␣.
Validation of Identified Residues by Using Calcium Signaling and
Receptor Binding In Mammalian Cells. To validate the observations from the transgenic worm feeding assay, the 18 MIP-1␣ mutants identified were purified and tested for their ability to trigger calcium release by using CHO cells expressing human CCR5 in an aequorin assay (9, 10) . A dose-response curve confirmed that the biological activity of the bacterially produced wild-type recombinant protein was equivalent to control MIP-1␣. MIP-1␤ is an alternative agonist for CCR5 (with 70% sequence similarity to MIP-1␣), which was also included as control (Fig. 3A) . As a negative control, we tested a Y14A mutant, which has negligible biological activity due to its inability to fold into a proper tertiary structure (11), although its expression level is comparable with wild type. Typical doseresponse curves for three variants with a range of IC 50 values are shown (Fig. 3B ). The activity of the rest of the MIP-1␣ mutants is shown in Fig. 3C measured at 1 nM (Left) and 10 nM (Right). Compromised activity was observed for 14 of the 18 amino acid variants, representing 13 out of 15 amino acid positions of MIP-1␣. This result confirms the earlier findings obtained from the feeding assay for the majority of clones, although four mutants (T15A, Q18A, N22A, and Q48A) gave wild-type signaling levels.
To determine whether the mutations affected ligand binding or receptor activation after binding, the binding affinity was compared by using a competition assay where unlabelled variants compete with binding of europium-labeled MIP-1␣ to membrane preparations from CCR5 transfected CHO cells. The assay was established by testing variable concentrations of the R17E mutant as the unlabelled competitor. Three concentrations of europium-labeled MIP-1␣ (5, 8, and 10 nM) were tested to ensure that an appropriate range of europium signal could be achieved within the assay and 8 nM Eur-MIP-1␣ was chosen for the competition binding assays (Fig. S2) . The results confirmed that T15A, Q18A, N22A, and Q48A mutants bind with normal affinity, mirroring the wild-type calcium flux response in the aequorin assay (Fig. 4B and Fig. S2 ). The binding constant of each of the other mutants (Table 1) is consistent with their reduced ability to promote calcium release (Fig. 4 and Fig. S2 ), indicating that the mutations act by reducing the ability of MIP-1␣ to bind to the CCR5 on mammalian cells.
Insight into Functional Interaction of MIP-1␣ and The CCR5.
This study has identified 13 residues mainly within three regions of MIP-1␣, which are important in the interaction of the ligand with the CCR5 (N terminus; N-loop, including 3 10 turn; and 40s loop). The effect on receptor binding could arise from specifically disrupting interactions between the ligand and the receptor or could arise from disrupted folding of the ligand. Fig. 3A suggests that the specific activity of wild-type MIP-1␣ from periplasmic expression is equivalent to that of MIP-1␣ and MIP-1␤ produced from an independent commercial source. Also, for at least 50 of 68 mutants in this study, there was little difference in activity compared with wild type (Fig.  2) . However, for individual positions, there could be more generalized folding effects both in this and previous mutagenic studies.
A number of important residues identified in this study have been substantiated in other studies. For example, three N-loop residues (F12, R17, and P20) and three 40s loop residues (K44, R45, and R47) have previously been reported to be involved in binding of the structurally related chemokine, MIP-1␤. These regions together form the 3D binding pocket consisting of a hydrophobic core surrounded by charged residues (Fig. 5) . The hydrophobic core includes F12, whose aromatic side chain has a pivotal role in CCR5 binding (6, (12) (13) (14) (15) (16) (17) (18) . Indeed, our findings show a dramatic disruption in the ability to bind CCR5, when this residue is changed to alanine, validating the importance of the aromatic side chain for its binding activity. It is possible that this residue interacts with CCR5 by interaction with the second extracellular loop (ECL2) containing seven aromatic residues (19) (20) (21) (22) (23) . The role of P20 in maintaining local secondary structure (4) has also been highlighted in this feeding assay.
MIP-1␣ interacts with CCR5 by means of its charged residues in the N-loop (including the 3 10 turn) and 40s loop. The residues within the 3 10 turn contribute to binding to different extents, although R17 is the primary residue that interacts with CCR5 (11). A sharp Fig. 2 . Sixty-one single amino acid substituted varients of MIP-1 were constructed in which the amino acid residue at each position was replaced with an alanine residue. Application to screening for MIP-1␣ activity in a panel of mutants. Where alanine residues were already present, a glutamine residue was introduced. Also, hydrophilic residues previously implicated in binding and activation in MIP-1␣-R17, Q18, and N22 were mutated to negatively charged glutamate. Each MIP-1␣ variant was tested in the feeding assay and the feeding-avoidance index plotted relative to each position. The feedingavoidance index is calculated as follows: number of worms grazing on ScFv minus number of worms feeding on MIP-1␣, divided by the total number of worms. Residues that eliminate the avoidance behavior correspond to three regions within the protein (the N terminus, the charged residues within the N-loop, and the ␤-strand 40s loop). Each data point indicates the average of at least three independent assays for each MIP-1␣ variant. Error bars indicate SEM. Asterisks indicate a statistical significance between the avoidance index between the wild type vs. ScFv assay and the MIP-1␣ mutant vs. ScFv assay (P Ͻ 0.005). decrease in CCR5 binding affinity was observed with R17E, whereas the effect was less severe with the R17A mutant ( Table 1) . Q18A and N22A mutations do not lead to considerable change in binding, although introducing a negative charge results in a significant decrease in K i and EC 50 in the binding assay and calcium mobilization assays, respectively. This result suggests that a smaller contribution could be made by Q18 and N22. In contrast, there is a less significant effect on its binding activity when Q21 is substituted with alanine. Our results also show that the highly conserved charged residues K44, R45, and R47 in the 40s loop are key mediators of CCR5 binding, of which R45 and R47 have the most important role. This finding is largely consistent with earlier reports that the corresponding basic residues in MIP-1␤ (K44, R45, and K47) are critical for CCR5 binding (24) . These residues in the 40s loop also participate in heparin binding, although this event occurs only when the protein is in its dimeric form. Mapping the amino acid sequence of MIP-1␣ onto the coordinates of the closely related MIP-1␤ reveals that residues K44 and R45 define a turn between adjacent ␤-strands, and side chains of residues R17, R45, and R47 are in close proximity of each other (25) . Although the sequences of MIP-1␣ and MIP-1␤ are 67% identical, the extent to which specific residues are involved in binding varies as reflected in differences between the results of our MIP-1␣ screen and previous studies on MIP-1␤. In contrast to MIP-1␤, the MIP-1␣ Q18A mutant is functionally active. The basic residue found in the corresponding position in MIP-1␤ (K18A) attenuates binding (11) . In both cases, introducing a negatively charged glutamic acid results in a complete loss in binding and functional activity (Fig. 3C and  Fig. S2) .
In our study, we identified four residues of importance (T8, A9, N22, and A25). The replacement of N-terminal residues, T8 with alanine and A9 with glutamine, resulted in complete loss of activity, indicating the importance of a hydrophilic residue in position 8, and a hydrophobic amino acid in position 9 for receptor activation. The corresponding threonine residue in MIP-1␤ is important in dimer formation given its location at the hydrophobic dimer interface, where mutation to a charged residue will lead to a monomeric form (12) . Interestingly, T8A mutation has no effect on the activity of RANTES with CCR1 (15) . We propose that A9 could contribute to a hydrophobic core based around F12, which has been shown to have a role in CCR5 binding (Fig. 5) (12) . The importance of a small hydrophobic residue (A25) at the interface between the 3 10 turn and first ␤-sheet is also highlighted, given the moderate loss of binding caused by mutation to glutamine. Fig. 4 . Binding of MIP-1␣ variants to CCR5. Competition binding curves were generated on membranes from CHO cells expressing CCR5 and using 8 nM Eur-MIP-1␣ as a trace. Example inhibition data are shown for T8A, A9Q, and F12A (A), and Y14A, T15A, and R17A, (B) and all results are summarized in Table 1 . The data were normalized for nonspecific binding and maximal specific binding in the absence of competitor (100%). The results were analyzed with GraphPad PRISM software by using a single-site model. All points were run in triplicate (error bars indicate SEM), and the presented data are a representative of two independent experiments, each done in duplicate. See Fig.  S2 for binding curves for other mutants. (4) , showing in red side chain residues that have been reported previously to be involved in CCR5 binding to structurally related MIP-1␤ (F12, R17, Q18, P20, K44, R45, and R47). Interactions identified from this study are highlighted in green (T8, A9, N22, and A25). The Ki value for each mutant was obtained in a competitive binding assay by using a CCR5-expressing CHO cell line and europium-labeled MIP-1␣ as a tracer. The values represent the mean Ϯ SEM resulting from at least two independent experiments. The statistical significance as compared with that of wild-type MIP-1␣ was calculated with Student's t test. * , P Ͻ 0.01; ** , P Ͻ 0.001; *** , P Ͻ 0.05.
Discussion
The nematode, C. elegans, has proven to be a valuable model system for increasing our understanding of many fundamental biological processes. Despite the phylogenetic distance between man and worm, it has been used to gain a deeper understanding of the mechanism of drug action and the discovery of new bioactive compounds (1, 26, 27) . More recently, its tractability as a tool for drug screening and investigating receptor-ligand interactions has been realized (1, 26, 28, 29) . In previous work, we have introduced four GPCRs into sensory neurons of C. elegans and have shown functional expression of all four. Expression in AWA/AWB olfactory neurons of the human hOR17-4 gene (30) and the rat I7 gene (31) result in specific behavioral response to bourgeonal and octanal, respectively (unpublished results). By switching expression to the ASH and ADL nociceptive neurons, the heterologous GPCRs were directly exposed to the aqueous environment allowing access of protein and peptide ligands to the heterologous receptors. In this way, functional expression of the somatostatin receptor and CCR5 was demonstrated, resulting in avoidance behavior of transgenic worms exposed to soluble agonists (1, 26, 28, 29) . We extend this finding to show that CCR5 transgenic animals are able to sense and avoid agonists expressed in their bacterial food source, allowing a simple screen for activity in bacterial libraries.
There are a number of other methods available, based on heterologous expression of GPCRs in yeast or cultured mammalian cells, that allow screening for altered specificity or function of the GPCR itself. For example, using yeast-based systems, Armbruster et al. (32) have identified receptor variants activated by small molecules, and Li et al. (33) have identified GPCR residues causing functional perturbation. In addition, various mammalian cell-based reporter systems provide powerful drug-discovery screens. The method presented here complements these approaches, having unique strengths in the screening of protein ligands that can be expressed in bacteria. In contrast to cell-based assays, this system does not require protein-peptide ligands to be endotoxin-free. Because it is based on bacterial feeding, the system bypasses the purification of ligand candidates altogether, thereby greatly facilitating the screening process.
The value of this system was illustrated by carrying out an extensive mutagenesis screen of MIP-1␣ and identifying critical residues involved in CCR5 activation by analyzing individual clones in a worm feeding-choice assay. Mutants that affect receptor activation cause an elimination or reduction of the avoidance feeding bias, which resulted in the identification of 13 residues whose alteration compromised MIP-1␣ activity. Further studies with cell-based aequorin calcium signaling assays provided independent validation that most of these MIP-1␣ mutants were compromised in CCR5 activation in mammalian cells (Fig. 3 and Fig.  S2 ) as a result of diminished receptor binding (Table 1) .
Of the identified MIP-1␣ mutants, more than half of them correspond to residues previously highlighted to be important for CCR5 binding of the related agonist MIP-1␤. Thus, our results are in good agreement with the outcome of previous site-directed mutagenesis studies validating the newly developed experimental technology. Also, we identified sites, within the N terminus T8 and A9 and the interface between the 3 10 turn and the beginning of the ␤-sheet (A25), that are important in MIP-1␣ function. We also highlight the relative contribution of N22 in the 3 10 turn for MIP-1␣ activity. T8 and A9 are conserved in MIP-1␣, MIP-1␤, and RAN-TES, whereas A25 is found in both MIP-1␣ and MIP-1␤. This delineates a previously undescribed role for the N terminus residues in MIP-1␣ in CCR5 binding.
Four mutants identified in the original feeding-choice screen (T15A, Q18A, N22A, and Q48A) had activity levels comparable to wild-type MIP-1␣ in the calcium flux and receptor binding assays in mammalian cells. One possible explanation for these ''false positives'' is a compromised level of functional protein expressed in the bacterial colonies as a result of mutagenesis, resulting in lack of response in the feeding assay. In the mammalian cell-signaling assay, by contrast, protein was purified and input was normalized. Single amino acid mutations can have a significant effect on expression. Certainly, the yield of Q48A in shake flask culture was significantly lower than wild type (data not shown), supporting the explanation of reduced avoidance due to reduced expression. However, expression level of the other three mutants in shake flask culture was comparable with wild type. Altered expression may still be the reason, because the level of expression in an overnight shake flask culture may not truly reflect the relative expression when grown on a plate as a bacterial colony. Thus, as well as identifying variants with reduced binding or activation potential, this assay may also uncover residues important for folding and stability, which result in reduced protein expression (e.g., T15A).
We have demonstrated a screening application where distribution of a transgenic worm population is measured between test and control on a clone by clone basis. Because transgenic worms avoid feeding on bacteria that express agonist, there is the potential for using feeding selectivity to drive selection on a whole bacterial library (e.g., an expressed cDNA library), increasing the representation of bacterial clones that express agonist within the population at the expense of nonagonists clones. Although an attractive proposition, there are additional challenges to solve before this opportunity can be realized. The degree of selectivity observed is certainly sufficient for screening purposes but may be insufficient for selection, particularly if other factors are involved (e.g., variable growth within bacterial clones). Also, we have previously shown (1) that desensitization occurs on longer exposure to ligand and have also observed that the selective ratio between test and control is reduced on incubations longer than 1 h (data not shown). This erosion in performance may be exacerbated further during selection as food supplies diminish with increasing incubation time.
In summary, the approach presented allows the rapid identification of agonists expressed in bacterial colonies exemplified by identifying functionally important amino acids in MIP-1␣. Besides validating previous findings in structurally related chemokines, this approach led to the identification of multiple residues in MIP-1␣ that were critical for function, including four previously undescribed residues. The technology described here should be applicable to other medically important GPCRs and could potentially serve to deorphanize the less well studied members of this family. Given that GPCRs represent a substantial proportion of therapeutic targets, this strategy may be of interest and relevance in drug discovery.
Methods
Transgenic Strains. Germline transformation was carried out as described by Mello et al. (34) . Transgenic strains used were previously described (1). In short, human CCR5 gene was cloned downstream of the gpa-11 promoter and upstream of the 3Ј UTR of unc-54 in a pUC plasmid. This promotor drives heterologous expression in the ASH/ADL neurons. Nematodes were grown at 16°C or 20°C on E. Coli strain OP50 by using standard methods (35) . Wild-type animals were C. elegans variety Bristol strain N2.
FACS Sorting Conditions. After injection, transgenic animals were visualized by using a gut-expressed elt-2::GFP construct, allowing selection of live transgenic animals from mixed populations by using a flow sorter. Animals were washed with M9 buffer and filtered through a 100-m mesh filter before sorting with a worm COPAS (Union Biometrica). Appropriate sorting of each developmental stage was verified by using epifluorescence microscopy. The animals were grown for a day before testing in the feeding assay.
Construction of MIP-1␣ Genes and Mutants. The cDNA encoding hMIP-1␣ was cloned by PCR using universal human Quick-Clone cDNA (Clontech), using a nested primer strategy with the final 5Ј and 3Ј primers being: HMIP1␣FORNcoI 5Ј gcccagccggccatggcaTCACTTGCTGCTGACACGCCG and HMIP-1␣REVNotI 3Ј atgatgtgcggatgcggccgcGGCACTCAGCTCTAGGTC.
This PCR generates a product with an NcoI and NotI site at the 5Ј and 3Ј end, respectively (underlined). After NcoI/NotI digestion and ligation into pSANG10 (36), the MIP-1␣ protein (shown in capitals) is produced in frame at 5Ј and 3Ј ends with the pelB leader and the hexahistidine tag of the pSANG10 vector. The N-terminal pelB leader is removed after causing secretion into the periplasmic space. This construct was further mutagenized to create pSANG10 hMIP-1␣-D26A (aspartate26 substituted with alanine) to reduce aggregation during expression while still maintaining biological activity (4) . As with the previously described D26A version, this one lacked the first encoded amino acid and utilized ser2 as the first amino acid. As a control, a ScFv single-chain antibody construct was also expressed from the same vector. Mutagenesis was performed according to the method of Kunkel et al. (37) . Oligonucleotides used for mutagenesis were 18 -30 nt in length. Each MIP-1␣ variant was cloned by using pSANG10 hMIP-1␣ D26A as a template with KOD HotStart DNA Polymerase (Novagen). Dideoxy sequencing was used to identify the correct clone for each variant.
Protein Expression and Purification. Expression constructs were transformed into BL21 (DE3). Protein production was performed as described by Studier et al. (38) Bacterial cultures were induced overnight at 25°C. OD 600 measurements were taken for each culture and normalized before spotting colonies on LB plate with 10 mM IPTG. ScFv and MIP-1␣ variants were purified as previously described (36) .
Food Choice Assay. Feeding behavior of mutants were analyzed by using a modified food-choice assay as described by Shtonda et al. (2) . Adult animals were washed with M9 buffer; 50 -100 animals were placed in the center of each assay plate in 5 l of CTX buffer. Assays were carried out in room temperature. Animals feeding on each type of colony were counted after 45 min. Experiments were performed in triplicate.
Aequorin Assays. Aequorin assays were carried out as previously described (9, 10) . Briefly, CHO-K1 cell lines expressing CCR5, G ␣16, and mitochondrial aequorin were established. A functional assay based on the luminescence of mitochondrial aequorin after intracellular Ca 2ϩ release (9) was performed as previously described (10, 39) . Results are expressed as relative light units (RLU). Our bacterially produced MIP-1␣ was compared with MIP-1␣ from an independent commercial source (R&D Systems).
Membrane Preparation. CHO CCR5 membranes were a kind gift from Phillip Strange, University of Reading, Reading, U.K. Membranes were prepared as described in ref. 5 .
MIP-1␣ Competition Binding
Assays. Europium-labeled MIP-1␣ was prepared by Perkin-Elmer. Saturation binding curves were determined with europiumlabeled MIP-1␣ by using the Delfia filtration protocol (Perkin-Elmer). Ligand binding was conducted with 5 g of membrane protein in a final volume of 100 l of Delfia L*R binding buffer in Acrowell plates (Perkin-Elmer). Nonspecific binding was determined in the presence of 100-fold excess of unlabelled MIP-1␣. Competition binding assays were conducted with 8 nM europium-labeled MIP-1␣. All binding reactions were performed at room temperature for 90 min. Reactions were terminated by filtration of the binding reaction by centrifugation at 1800 rpm for 10 min, followed by five washes with 100 l of Delfia wash buffer. Enhancement solution (100 l) was added to each well and time resolved fluorescence (TRF) was quantified on the Fusion (Perkin-Elmer).
Data Analysis. The data from saturation and dose-displacement experiments were analyzed by using curve fitting functions in GraphPad Prism software version 5.0.
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Teng et al. 10.1073/pnas.0803290105 Fig. S1 . Western blot analysis of MIP-1␣ variants. Bacterial cultures were induced overnight at 30°C and OD600-normalized before lysates were prepared. Lysates were resolved with 4 -12% gradient gels. (B) Competition binding curves were determined on CHO CR5 using 8 nM Eu-MIP-1␣ as a tracer. The data were normalized for nonspecific binding and maximal specific binding in the absence of competitor (100%). The results were analyzed with GraphPad PRISM software using a single-site model. All points were run in triplicate (error bars represent the standard error of the mean), and the presented data are representative of two independent experiments, each done in duplicate.
